We present the results of a γ-ray likelihood analysis over all the extreme and high synchrotron peak blazars (EHSP & HSP) from the 3HSP sample. We investigate 2013 multifrequency seed positions under the eyes of Fermi Large Area Telescope, considering 11 years of observations. We report on 1160 γ-ray signatures detected down to the 3 σ threshold in the energy range between 500 MeV to 500 GeV. The detections include 235 additional sources concerning 4FGL, all confirmed via high-energy TS maps, and represent an improvement of ∼25% for the number of EHSP & HSP currently described in γ-rays. We build the γray spectral energy distribution for all the 1160 sources, delivering to the very high-energy community a dedicated spectral description of the entire 3HSP population. We plot the γray logN-logS for the 3HSP sample, and also for the EHSP & HSP subsamples. We measure the total contribution of HSP+EHSP to the extragalactic gamma-ray background, which reaches up to ∼33% at 100 GeV. Also, we show how does the γ-ray detectability improves according to the synchrotron peak flux as represented by the Figure of Merit (FOM) parameter. We highlight that the search for TeV peaked blazars may benefit from considering HSP and EHSP as a whole, instead of EHSPs only. We entitle this γ-ray sample as Second Brazil-ICRANet Gamma-ray Blazar catalog, with the acronym 2BIGB. All information will be available on public data repositories (Brazilian Science Data Center-BSDC, OpenUniverse, GitHub https://github.com/BrunoArsioli), including the broadband models and the spectral energy distribution data points.
INTRODUCTION
The Fermi Large Area Telescope (LAT, Atwood et al. 2009 ) produced our most detailed picture of the gamma-ray sky and has opened a window to investigate high & very-high energy processes throughout the universe 1 . Since the delivery of its first source catalog (Abdo et al. 2010a,b) , the Fermi-LAT mission has identified blazars as the main population of extragalactic γ-ray emitters. There are 5066 γ-ray point sources reported in the latest Fermi-LAT catalog (4FGL, The Fermi-LAT collaboration 2019a, gll-pcs-v20.fit), all detected with significance >4σ (TS>25) covering 8 years of observations, and integrating over the 50 MeV to 1 TeV energy band. According to the Fourth catalog of active galactic nu-E-mail: arsioli@ifi.unicamp.br, bruno.arsioli@gmail.com † E-mail: yuling.chang@ssdc.asi.it 1 We use high-energy (HE) for the 0.2-100 GeV range, and very highenergy (VHE) for E > 100 GeV.
clei detected with Fermi-LAT (4LAC, The Fermi-LAT collaboration 2019b), there are 3647 4FGL sources out of the galactic plane (at |b| > 10 • ), from which 79% are confident counterparts of active galactic nuclei (AGN). Given all those gamma-ray AGNs, 98% are blazars. At energies larger than 1 TeV, there is a similar dominance, as follows from the latest version of TeVcat 2 . From there, we count 225 TeV detected sources, and nearly 90% of the extragalactic ones (72 out of 81) are blazars.
Blazars are relatively rare objects with nearly 4000 optically confirmed sources, as listed in 5BZcat and 3HSP catalogs (Massaro et al. 2015; Chang et al. 2019) . The 5BZcat alone lists 3651 blazars, all with optical identification, and the 3HSP lists 2013 sources, from which 657 are blazars already listed in 5BZcat, 257 are new blazars (with optical identification), and 1099 are blazarcandidates (high confident blazars missing optical identification). Although blazars are the dominant extragalactic γ-ray sources, a significant fraction of the population still lacks a HE detection.
According to the unification scheme for active galactic nuclei, blazars are AGNs producing relativist jets that happen to point close to our line of sight (Urry & Padovani 1995; Giommi et al. 2012; Padovani et al. 2017) . The jets are launched from the AGN's core and composed of relativistic charged particles trapped within the jet's magnetic field. This configuration gives rise to nonthermal spectral emission extending through the entire electromagnetic spectra, from radio up to TeV γ-rays, which is most likely powered by accretion into supermassive black holes (Dermer 2015; Petropoulou & Dermer 2016) .
The spectral energy distribution (SED) from blazars is unique and shows two characteristic non-thermal humps. The low-energy part is usually associate with the synchrotron emission process due to relativistic electrons moving along magnetic field lines. The high-energy part, however, relates to the Inverse Compton process where relativistic electrons scatter lower energy photons (infra-red to X-rays) to high and very-high energies (Arsioli & Chang 2018; Böttcher et al. 2013; Tramacere et al. 2010; Abdo et al. 2010c ). This leptonic scenario tries to account for the SED features based on a single population of relativistic electrons. Nevertheless, the observation of extremely hard intrinsic TeV spectra associated with blazars (Costamante et al. 2018; Foffano et al. 2019 ) and also the connection to astrophysical neutrinos seen with IceCube (Fermi-LAT collaboration et al. 2019; Padovani et al. 2018; IceCube Collaboration et al. 2018b; Padovani et al. 2016a; Resconi et al. 2017; IceCube Collaboration et al. 2018a; Padovani et al. 2016b ) have challenged the pure leptonic scenario with observational evidence for the presence of hadronic processes in the jet (Zhang et al. 2018; . As a direct extension of its hadronic nature, blazars could be associated with the origin of ultra-highenergy cosmic rays (UHECR) (Rieger 2019 ), a subject of continuous and intense debate in the high-energy astrophysical community.
Blazars can be classified according to the frequency associated with their synchrotron peak and called as low, intermediate, high, and extremely-high synchrotron peak sources (respectively: LSP for ν syn. peak <10 14 Hz, ISP for 10 14 <ν syn. peak <10 15 Hz, HSP for 10 15 <ν syn. peak <10 17 Hz, and EHSP for ν syn.
peak >10 17 Hz). The EHSP and HSP sources have -on average-a hard photon index Γ =1.85±0.01 as probed by Fermi-LAT (Arsioli et al. 2015; Ackermann et al. 2015b) in the MeV to GeV window. For this reason, EHSP and HSP blazars are considered promising candidates for VHE observations with the Cherenkov Telescope Arrays (Actis et al. 2011; Cherenkov Telescope Array Consortium et al. 2019) , and the community dedicates significant attention to characterize their SEDs via multifrequency observation campaigns (Ahnen et al. 2017a,b; Paiano et al. 2017; Aleksić et al. 2014; Takahashi et al. 2000) .
In this work, we aim to contribute to the description of blazars at HE & VHE by presenting new γ-ray detections, describing their SEDs, and studying population properties. We use the position from blazars and blazar-candidates as multifrequency seeds for a likelihood analysis with the Fermi-LAT Science Tools, to search for associated γ-ray signatures. The 3HSP sample (Chang et al. 2019 ) is currently the most extensive compilation of EHSP and HSP sources, and we use it as our reference blazar-database.
Given the spectral characteristics of 3HSP sources, our analysis focus on a particular blazars subsample, which is more likely to be detectable at the VHE band. In fact, 925 3HSPs already have a 4FGL counterpart (we call them 3HSP-4FGL). So by studying the entire 3HSP sample under Fermi-LAT eyes, we can compare results with 4FGL to show the stability of our analysis and the robustness of all new detections. We compute high-energy TS maps for the new sources and confirm that those signatures emerge from a low TS background with points-like TS distribution, avoiding spurious detections with origin related to underestimated background.
As a result of this large-scale analysis, we present the Second Brazil-ICRANet Gamma-ray Blazar catalog with the acronym "2BIGB", which lists 1160 γ-ray excess signatures with significance >3σ (Table 4 ). Our broadband analysis integrates over the 500 MeV up to 500 GeV energy range along 11 years of observations with Fermi-LAT (Aug. 2008 to Aug. 2019), and we compute the γ-ray SED for all detected sources. Therefore, the 2BIGB catalog brings an updated review for all the 925 3HSP-4FGL sources and describes the γ-ray spectrum of 235 3HSPs in addition to 4FGL (226 are entirely new and never reported in Fermi-LAT catalogs).
This work is a followup from a series of previous efforts dedicated to the γ-ray detection of blazars. The series includes the First version of the Brazil-ICRANet Gamma-ray Blazar catalog (1BIGB, , the computation of the 1BIGB γ-ray SEDs , and the use of multifrequency seeds for the detection of LSP blazars (Arsioli & Polenta 2018) . To mention, the 1BIGB catalog involved the analysis of 400 γ-ray candidates from the 2WHSP sample Chang et al. (2017) , selecting only those with synchrotron peak flux νf ν ≥ 10 −12.1 ergs/cm 2 /s and not yet detected by Fermi-LAT at the time. The 1BIGB study lead to the detection of 150 γ-ray signatures with significance >3σ, from which 85 had >5σ relevance.
With the 2BIGB catalog, we go beyond 4FGL for the description of EHSP & HSP blazars since all 3HSP-4FGLs now have their γ-ray spectrum modeled with 11 years of available data, in contrast to 8 years for 4FGL. Besides, we provide a list of newly detected 3HSPs, which represents an improvement of ∼25% for the number of EHSP & HSP described in γ-rays.
AN OVERVIEW ON THE GAMMA-RAY SKY
A clear understanding of the γ-ray sky depends on our ability to account for both galactic and extragalactic components and describe each of then in detail so that we can unveil new features.
The galactic gamma-ray content
Concerning the galactic content, the Fermi-LAT mission was essential to map and model point-like sources such as pulsars, supernovae remnants (SNR), pulsar wind nebulae (PWN), globular clusters, etc (∼239, 40, 18, 30, etc . objects according to the 4FGL catalog), as well as a diffuse γ-ray component produced by cosmicray interactions with the Milk Way gas (Biswas & Gupta 2019) . Still, around 90 galactic sources remain unassociated but are likely related to SNR and PWN.
In 2010, the finding of a bipolar component called "Fermi Bubbles" was unexpected (Su et al. 2010) . It resembles a jet structure that emanates from the center of our galaxy, extending nearly 8 kpc perpendicular to the galactic plane, in what could be the result of past accretion process in the galactic center black hole (Ko et al. 2019) . This structure has well-defined edges in coincidence with X-ray signatures seen by the ROSAT mission in the 1990s (Ponti et al. 2019) , and a microwave excess in the same region known as "WMAP haze" (Finkbeiner 2004; Rubtsov & Zhezher 2018) .
Proper modeling of this component allowed to account for an excess diffuse emission, which covered a significant fraction of the γ-ray sky. As a result, it improves the sensitivity for detecting new point sources in that region.
Within the open question involving observations from Fermi-LAT, we have the long-standing debate related to the GeV excess at ∼1.5-3.0 kpc from the galactic center (Hooper et al. 2013; Mirabal 2013; Leane & Slatyer 2019) . This feature could result from multiple unresolved point-like sources as millisecond pulsars (Calore et al. 2014) , or the integrated γ-ray emission from our galactic dark matter (DM) halo via annihilation or decay channels (Goodenough & Hooper 2009; Daylan et al. 2016; Karwin et al. 2017) . A combination of both contributions, including unresolved sources and DM signatures, are also considered in this contest.
The extragalactic gamma-ray content
All current debate concerning the galactic γ-ray content is crucial for proper modeling of the extragalactic content. The extragalactic emission (γ ExtraGal ) is the remaining radiation when we subtract the total galactic contribution (γ Gal ) from the entire γ-ray content (γ Tot ) seen by Fermi-LAT; (γ ExtraGal = γ Tot − γ Gal ). The total γ ExtraGal is usually referred to in the literature as extragalactic γ-ray background (EGB, Ackermann et al. 2015a ).
The EGB is a combination of well-resolved point-like sources with a diffuse -and isotropic-γ-ray content. Detailed simulations of the CR interaction with the galactic disk shows that the isotropic diffuse component seen off the galactic plane must have extragalactic roots (Biswas & Gupta 2019) . This component, usually called isotropic γ-ray background (IGRB, Ackermann et al. 2015a ), could well be the result of an unresolved population of faint γ-ray emitters, including blazars Di Mauro et al. 2014b ). Nevertheless, the fact is, the community is still building an understanding of the total EGB composition.
If we think of the IGRB as a sum of unresolved point-like sources and an actual diffuse component, the increasing number of detectable blazars from 3LAC to 4LAC (Ackermann et al. 2015b ; The Fermi-LAT collaboration 2019b) indicates an ever-shrinking space for the remaining diffuse component. Besides, direct searches for new γ-ray sources as in 1BIGB and 2BIGB (this work) proof the existence of a relevant underlying population of faint γ-ray emitters, with direct impact over the diffuse component intensity.
A diffuse component could be the signature of annihilation or decay processes associated with DM particles, happening throughout the universe. A clear understanding of IGRB content may allow us to probe DM parameters like the cross-section associated with processes (annihilation or decay), producing diffuse γ-rays (Liu et al. 2017; Cohen et al. 2017; Di Mauro & Donato 2015; . Contributions to the EGB coming from misaligned AGNs (Inoue 2011; Di Mauro et al. 2014a) and Star Forming Galaxies (Storm et al. 2012 ) are also present. They certainly account for a significant fraction that could be well constrained via stacking analysis as in Paliya et al. (2019) . Moreover, the IGRB could also contain a pure diffuse emission as a result of ultra-high-energy cosmic rays (UHECR) interaction with the extragalactic background light (Gavish & Eichler 2016) . In this context, the identification of faint γ-ray emitter is essential to resolve the diffuse content into point-sources and constrain the parameter space available for other possible contributions. Figure 1 . The distribution of log synchrotron peak flux log(νf ν ) [erg/cm 2 /s] for the 3HSP sources. In full light-red, we show all the 925 objects detected in 4FGL, and in blue-line, we have the 1088 undetected ones. The intersection between histograms suggests that multiple sources are close to the Fermi-LAT detection threshold.
BLAZARS AS MULTIFREQUENCY SEEDS TO INVESTIGATE THE GAMMA-RAY SKY
The 3HSP catalog lists a total of 2013 sources, and nearly half of them (1088) have no γ-ray counterpart according to the latest release of the Fermi-LAT point source catalog, 4FGL. In Fig. 1 , we plot the distribution of the log synchrotron peak flux log(νf ν ) for the 3HSP detected and undetected γ-ray sources according to 4FGL. As seen, the 4FGL has unveiled most of the bright 3HSPs with log(νf ν ) > -12.2 [ergs/cm 2 /s], and many of the undetected 3HSPs have a synchrotron component as bright as the detected ones.
Besides, the 1BIGB catalog shows clearly how the 'fraction of Fermi-LAT detected sources' varies according to the synchrotron peak flux log(νf ν ), and that a dedicated search for new γray sources can improve the detected fraction down to the faintest blazars (see Fig. 6 at . Therefore, the overlap in Fig. 1 for detected and undetected sources at log(νf ν ) [erg/cm 2 /s] between -13.0 to -12.2, hints for a population of blazars that are just within reach of Fermi-LAT, close to the detectability threshold.
Those facts alone are compelling enough to motivate a dedicated Fermi-LAT analysis based on the entire 3HSP sample, using them as multifrequency seed positions to unveil new γ-ray sources. Also, we rely on the availability of 11 years of Fermi-LAT data, in contrast to 8 years used to build the 4FGL catalog. The 1BIGB catalog was done over this same and straightforward idea, and lead to the detection of nearly 150 new γ-ray sources, from which the 3FHL catalog has confirmed 34 (Ajello et al. 2017) , and a total of 99 are well within the 95% error ellipses from 4FGL sources.
The method we apply to build the 2BIGB catalog is a follow up from previous works Arsioli & Polenta 2018) where we show the use of multifrequency data as a complementary tool to select seed positions in the sky for further analysis with the Fermi Science Tools. Mostly, we reproduce what the Cerenkov Telescope community already does in search of new TeV sources, which means, to actively aim to seed-candidates selected from multifrequency data. One of the latest detections from MAGIC (MAGIC Collaboration et al. 2019a) is a clear example of that, where a new TeV signature is confirmed when aiming at 2WHSP J073326.7+515354, which is well characterized at lower energies and previously selected as a promising TeV target from multifrequency considerations. The search for new γ-ray sources as in 1 & 2BIGB catalogs can also contribute to studies of astrophysical neutrinos in connection to γ-ray blazars. Recently in Garrappa et al. (2019) ; Padovani et al. (2018) , the authors dedicate attention to the identification and modeling of dim γ-ray sources in regions associated with IceCube muon-track events. With no doubt, proper identification of faint GeV-TeV sources is of high relevance. Also, we should call attention to the fact that a source can be weak in terms of photon counts but still could turn out to be relevant in the VHE window, since, with Fermi-LAT, we only probe the starting tail of the second SED-hump of TeV-peaked sources.
THE GAMMA-RAY DATA ANALYSIS
For the data analysis, we use the Fermi Science Tools version v11r5p3 and Pass 8 data (P8R3, Bruel et al. 2018; Atwood et al. 2013) corresponding to 11 years of observations, from Aug 2008 to Aug. 2019. We build an all-sky pre-selection of photons with energy between 300 MeV up to 900 GeV. We use the clean-event type (evtype=256), and the corresponding instrument response function (IRF) P8R3-CLEAN-V2 along the analysis. The use of clean-event type is desirable in our case since it provides an improved lowerlevel background at E>3 GeV; therefore, more sensitive to hard spectrum sources as the HSP blazars. The all-sky photon file (our pre-selection) speeds up the gtselec routine, which is the first step of the analysis, and repeated for each object.
After the pre-selection, we set a broadband binned analysis in the 500 MeV to 500 GeV energy band, considering a region of interest (ROI) of 15• around the position of a 3HSP γ-ray candidate. The investigation for each 3HSP object is independent, meaning that each analysis probe only one γ-ray candidate at a time. We accomplish the coverage over the entire 3HSP sample by parallel computing in computer clusters as Planck and Feynman from CCJDR Unicamp BR, and Joshua from ICRANet IT.
The cut at 500 MeV serves two purposes: On one hand, it is meant to improve the computational time of the analysis, which gets heavier when considering low-energy photons (those are relatively more abundant). On the other hand, we improve the robustness of the analysis while avoiding low-energy photons that have the largest point spread function (PSF) in the database. The lowenergy cut is desirable in our case since we are dealing with a population of EHSP & HSP sources characterized by relatively hard γ-ray spectrum, prone to be more relevant at the highest energy channels from Fermi-LAT. Also, cutting off the low-energy photons let the analysis free of computing energy dispersion at energy levels lower than 300 MeV, which would significantly increase the computational burden.
The cut at 500 GeV follows recommendations from the Fermi-LAT team for broadband analysis (in "data preparation" section at https://fermi.gsfc.nasa.gov/). This takes into account that the galactic diffuse emission is only modeled for the 58.5 MeV to 513 GeV range, which mostly impact sources close (or within) the galactic plane. We should care about that since the 3HSP sample probe sources down to the galactic latitude |b|>10 • , and some extra 3HSPs are within the galactic plane; those were included in 3HSP for having clear blazar-like SED in connection to 3FHL and 4FGL sources (Chang et al. 2019) . Also, the 4FGL paper (their sec. 3.2, The Fermi-LAT collaboration 2019a) comment on the fact that for hard sources, integrating up to energies of 1 TeV in a broadband analysis systematically increases the uncertainty for parameters such as the photon and energy fluxes. Therefore, with a cut at 500 GeV we avoid uncertainties for the broadband flux, and prevent spurious detections that could arise from poor modeling of the VHE diffuse background.
A zenith angle-cut of 105 • is used to avoid contamination with Earth's limb γ-ray photons, which are induced by cosmic-ray interactions with the atmosphere and are known as a strong source of background for the low-energy band of Fermi-LAT. With the gtmktime routine, we generate a list of good time intervals, select- Table 1 . Power-law model for the top 6 2BIGB-3HSP new γ-ray sources. Note that a complete table with all the 1160 2BIGB source is available on-line. The first three columns show the 2BIGB names, right ascension R.A. and declination Dec. in degrees (J2000), respectively. The fourth column shows the redshift reported in 3HSP catalog, with flag (1) for firm value and flag (5) for photometric estimate by fitting a Giant Elliptical galaxy template. The parameters reported in columns are the normalization N 0 (eq. 1), which is given in units of ph/cm 2 /s/MeV; the photon spectral index Γ; the column Flux shows the photon counts integrated over 0.5-500 GeV in units of ph/cm 2 /s; the pivot energy E 0 ; and the TS is the Test Statistic value. ing events with flags (DATA-QUAL>0) and (LAT-CONFIG==1), which guarantees we only consider data acquired in normal science data-taking mode. Then, with the gtbin routine, we generate counts maps (CMAP) and counts cubes (CCUBE) of 300 × 300 and 210 × 210 pixels with 0.1 • /pixel, respectively. The CCUBE is a series of CMAPs, each one having photons within a given energy bin, and here we consider 37 logarithmic equally-spaced energy bins along 0.5-500 GeV. We prepare the livetime cube with the gtltcube routine, selecting cos(theta)=0.025 • as recommended. We use the script make4FGLxml.py 3 to build the γ-ray sky model, which includes information on all point and extended sources in the ROI region, together with the galactic and extragalactic diffuse components. For the point sources, we use the latest version of the Fermi-LAT catalog gll-psc-v20.fit, which we call 4FGLv20. For the diffuse galactic background model, we use version gll-iem-v07.fit, and for the isotropic component iso-P8R3-CLEAN-V2-v1.txt. All sources within 8.0 • from the center ROI have spectral parameters -normalization and photon index-set free to vary, which is essential to adapt the 4FGL models (based in eight years) to the 11 years of integration time used in this work. This is necessary for a proper description of the ROI region and to avoid spurious signatures associated with our γ-ray candidates.
Then, we prepare a model map with the gtsrcmaps routine, which holds information about all spectral components and sources within the ROI region. Each 3HSP object is placed in the ROI model as a point-like source, and described with a power-law type of spectrum as follows:
where N 0 is the normalization constant (prefactor) in units of photons/cm 2 /s/MeV and represents the flux density calculated at the pivot-energy E 0 , with Γ to represent the photon spectral index. In cases where a 4FGL is already counterpart of the 3HSP, we remove the 4FGL form the ROI model and place a new γ-ray candidate using the 3HSP position as seed. For all cases, the position associated with the γ-ray source (or candidate) is fixed, therefore 3 The makeFGLxml.py is a python routine written by T. Johnson, 2015, and provided by the Fermi-LAT team as a user contribution tool. lowering the uncertainty related to source position. This is the main advantage of considering multifrequency data to select seed positions. Given that we avoid two degrees of freedom concerning a blind search, we can lower the detection threshold.
In fact, the detection of a new class of γ-ray emitter demands large significance, given the analysis cannot avoid the uncertainty on the source position when deduced from γ-ray information only. From Mattox et al. (1996) , the χ 2 distribution with four degrees of freedom shows that a Test Statistic (TS) of 25 corresponds to a detection with 4σ, just as the detection threshold defined in the 4FGL catalog 4 . In this case, there are two degrees of freedom related to source position (R.A. and Dec.), and another two related to the normalization N 0 and the photon spectral index Γ, which are free parameters of the power-law model.
Following Mattox et al. (1996) (their sec. 3.2), a γ-ray signature with the statistical significance of 3σ is sufficient for the detection of blazars, because blazars are the most relevant class of extragalactic gamma-ray emitter. A lower detection threshold is acceptable, given the analysis has less two degrees of freedom. That is what we adopt in this work since R.A. and Dec. are set as fixed, avoiding the uncertainty related to the source location.
Since the prefactor term N 0 corresponds to the flux density at the pivot energy E 0 , we scan over the E 0 space, running the likelihood analysis with E 0 set as fixed for 1 GeV, 3 GeV, 5 GeV and 10 GeV to evaluate the best condition for modeling each source. We do that to select a pivot-energy that minimizes the error associated to N 0 . For cases where the 3HSP has a 4FGL counterpart, we read the pivot-energy from 4FGLv20. We perform the analysis with E 0 set as fixed so that we can estimate N 0 and Γ with much lower uncertainty.
The likelihood analysis goes through two steps with the gtlike routine, following recommendations from the Fermi-LAT analysis threads. First, we run gtlike with the fitting optimizer DRMNFB to generate enhanced models, better describing all sources with free Figure 3 . Scatter plot comparing the photon spectral index for the 925 2BIGB sources with counterparts in 4FGL (the 3HSP-4FGL sources). Dashed red represent the Γ 2BIGB =Γ 4FGL line, and dashed gray represents the 2σ confinement region. parameters. After this first interaction, we rebuild the model map (gtsrcmaps) and feed the gtlike routine with the enhanced sourceinput list, and use the NEWMINUIT optimizer to generate the final model.
THE 2BIGB CATALOG
With the results of our likelihood analysis, we set the requirement of TS>9 to select our preliminary list of sources with significant γray signature. This list included all 925 3HSPs with a counterpart in 4FGL, which are considered as firm detections. It also included ∼270 cases with no counterpart in 4FGL, and that could turn out to be new γ-ray detections. Therefore, in addition to the TS requirement, we build high-energy TS maps with an energy cut of E>2 GeV for all cases with no counterpart in 4FGL.
A TS map is a grid of pixels where the existence of a pointlike γ-ray source is tested separately in each point of the grid. We set grids having ∼18×18 pixels with 0.06 • /pixel. If a pixel match with the position of a point source, the TS signature is maximized (large TS values), and if there is a slight offset between the pixel and the exact position of the point-source, the reported TS values are depleted. Therefore, we expect a point source to reveal itself as a smooth Gaussian-like distribution of TS values around a TS peak, as seen in Fig. 2 (build with DS9 software, Joye & Mandel (2003) ). With this procedure we confirmed 235 sources out of the 270 candidates, clearly showing point-like signatures emerging from a smooth and low TS background as in Fig. 2 .
Finally, the 2BIGB catalog has a total of 1160 sources with a γ-ray signature of significance larger than 3σ, 925 of them have a 4FGL counterpart, and we confirm 235 new-detections concerning 4FGL. In Table 4 , we show a sub-sample of 10 new-detection with the most significant TS values. A list with the total 1160 cases is available in the on-line version of this paper, and also in public repositories; Github https://github.com/BrunoArsioli. For simplicity, we define the acronyms: • 3HSP-2BIGB corresponds to the total 1160 3HSP sources detected in our broadband analysis over 11 years of Fermi-LAT observations, along the 0.5-500 GeV energy band.
• 3HSP-4FGL corresponds to the 925 3HSPs sources that already have a 4FGL counterpart, as of version gll-psc-v20.
• 2BIGB new refers to the 235 2BIGB sources which are new with respect to 4FGL. We highlight that 226 were never reported in previous γ-ray catalogs, including 1-2-3FGL & 1-2-3FHL.
A comparison between 2BIGB and 4FGL
We chose to investigate the entire 3HSP sample with Fermi-LAT so that we update the power-law fitting parameters for all the 925 3HSP-4FGL sources, now based on 11 years of observations. Besides, we can now compare all those 3HSP-4FGL with the 3HSP-2BIGB sources, to evaluate the agreement between the main fitting parameters Γ and N 0 . In Fig. 3 , we show the scatter plot of the photon spectral index from 3HSP-2BIGB sources (Γ 2BIGB ) against the 3HSP-4FGL (Γ 4FGL ). In Fig. 4 , we plot the normalization parameter N 2BIGB 0 vs. N 4FGL 0 . In both cases, we consider the 925 3HSP-4FGL sources with a 2BIGB counterpart to compare their power-law fitting parameters, and we do expect a certain degree of scattering as seen in Fig. 3 
and 4.
We should call attention to the fact that our broadband analysis covers the 500 MeV to 500 GeV energy window, whereas 4FGL covers 50 MeV up to 1 TeV. We avoid the lower energy band (from 50 MeV to 500 GeV), which is a source of uncertainty given the broader PSF of low energy photons. Also, we incorporate an additional three years of observations concerning 4FGL, and intrinsic variability becomes another source of data spread. However, the scattering for the Γ plane is well confined within 2σ deviation, and there is good agreement between 2BIGB and 4FGL for the N 0 parameter along five decades in flux 5 . We conclude that our 3HSP ¡ 1; 2; 3FGL 3HSP ¡ new 4FGL 3HSP ¡ new 2BIGB Figure 5 . The log(flux) versus the photon spectral index (Γ) for the energy range 0.5-500 GeV. Green, red, and blue colors represent respectively 3HSP sources with counterparts from 1,2,3FGL, only 4FGL, and the new detections from the 2BIGB catalog. The dashed lines represent a qualitative flux limit reached by the 4FGL (red) and the 2BIGB (blue) catalogs.
2BIGB analysis is robust and consistent with the results reported in 4FGLv20, and this agreement supports the validity of our 235 new detections (2BIGB new ) associated with 3HSP sources.
Sensitivity limit and detectability according to FOM
Next, in Fig. 5 , we plot the integral flux (0.5-500 GeV) versus the photon spectral index (Γ) from where we perceive the improvement in sensitivity limit when going from 3FGL setup to 4FGL, and finally to 2BIGB. The region where 2BIGB and 4FGL sources overlap shows that we do improve the completeness of the γ-ray sample at the sensitivity limit of 4FGL. The blue and red dashed lines represent the flux-limit reached by 2BIGB and 4FGL, respectively, and show how we did improve by incorporating extra three years of data together with a dedicated search for new sources based on multifrequency information. Now, we read the Figure of Merit (FOM) parameter from the 3HSP catalog, and calculate the fraction of sources in each FOM bin that are detected in 4FGL and in 2BIGB. The Figure of Merit is defined as a ratio between the synchrotron peak flux νf ν of a given source, and the faintest νf ν associated to a TeV detected HSP source (νf ν = 2.5×10 −12 erg/cm 2 /s, log(νf ν )=-11.6). Therefore, the FOM is a parameter is connected to the likelihood of TeV detectability (see Chang et al. (2019) for more details) and here we show it indeed works as a reliable proxi for the γ-ray detectability with Fermi-LAT. Figure 6 shows that the fraction of γ-ray detected sources, for each FOM bin, increases with FOM value, for both 2BIGB (blue line) and 4FGL (red dashed) catalogues. Moreover, in Fig. 6 we see that the 2BIGB catalog brings an improvement in sensitivity concerning 4FGL, contributing to the γ-ray detection of a larger fraction of blazars in every FOM bin.
The photon spectral index & flux distribution
In Fig. 7 (top), we show the photon spectral index distribution for all the 925 3HSP-4FGL and compare it to the 1160 3HSP-2BIGB sources. We also plot the distribution for the 235 2BIGB new sources, which are new detections concerning 4FGL. A Kolmogorov-Smirnov (KS) test shows that the 3HSP-4FGL and 3HSP-2BIGB normalized histograms are similar, with a p-value of 0.587. Also, the normalized distribution of 3HSP-4FGL and 3HSP-2BIGB new are similar under the KS test, with a p-value of 0.174. Therefore, at 5% level (p-value > 0.05), the photon index distributions are alike and consistent with a single-parent population.
The γ-ray photon index deduced from the 2BIGB analysis agree with 4FGL, for both the entire 2BIGB sample and the 2BIGB new subsample. The mean values Γ and the distribution width (±1σ) for each sample are Γ 3HSP−2BIGB = 1.87±0.21, Γ 2BIGB−new = 1.86±0.32, and Γ 3HSP−4FGL = 1.90±0.17. We call attention to the Γ 3HSP−4FGL parameter as derived from our associations, which is in full agreement with the value obtained in 4LAC (The Fermi-LAT collaboration 2019b) for the HSP population, Γ HSP−4LAC = 1.90±0.17.
In Fig. 7 (bottom), we divide the 2BIGB catalog into subsamples of HSPs (908 objects) and EHSPs (252 objects) to compare their photon index Γ 0.5−500 GeV histograms. A KS test to compare the normalized histograms shows that the distributions are alike (p-value of 0.838), and with compatible mean values (±1σ) of Γ 2BIGB−HSP = 1.89±0.20 and Γ 2BIGB−EHSP = 1.80±0.25. The Γ values measured for the HSP and EHSP subsamples are similar, in agreement with a flattening in the log(ν syn−peak ) vs. Photon Index plane, which is observed in 4LAC (The Fermi-LAT collaboration 2019b) for sources with synchrotron peak ν syn−peak >10 15 Hz.
In Fig. 8 , we plot the log(ν syn−peak ) vs. Photon Index relation for the 3HSP-2BIGB sample and confirm the flattening at ν syn−peak >10 15 Hz. We find a relatively week trend of hardening Γ = -0.056×log(ν syn−peak )+2.78, with increasing synchrotron peak frequency. However, we should note that when considering the entire blazar population, the hardening trend is stronger, with Γ ∼2.6 at log(ν syn−peak )=12.0 [Hz], and Γ ∼1.9 at log(ν syn−peak )=16.0 [Hz], according to 4LAC paper.
We note that there is no relevant correlation between redshift and photon spectral index for the 2BIGB sample alone 6 . Nevertheless, when considering all blazar families as in 4LAC paper, this correlation shows up as an average γ-ray spectral softness for sources with large redshift. The 4LAC attributes this effect to the intrinsic spectral curvature at the high energy end, which is redshifted to lower energies as z increases and result in softer spectrum. Moreover, we remind that a significant fraction of γ-ray detected BL Lacs have no spectroscopic redshift measurements. Taking the 2BIGB catalog as an example, only 377 out of 1160 3HSP-2BIGB sources (32.5%) have a reliable redshift measurement (redshift flag-1 in Table 4 ). Therefore any correlation with redshift or derived quantities, like source luminosity, could be bias. In Fig. 9 (top), we show the integral flux distribution S 0.5−500 GeV for the 3HSP-4FGL sample and to compare with the 2BIGB new , from where we see that the 2BIGB new detections represent an underlying population of faint γ-ray emitters. In Fig. 9 (bottom), we show the S 0.5−500 GeV distribution, dividing the entire 2BIGB sample into HSP and EHSP subsamples, with 908 and 252 objects, respectively. A KS test to compare the normalized histograms confirms the distributions are similar (p-value = 0.681) and shows that EHSPs are not necessarily fainter than HSPs concerning the photon-counts in the Fermi-LAT band.
Also, for the 3HSP-2BIGB sample, we study the synchrotron peak versus the gamma-ray flux plane, ν syn−peak vs. S 0.5−500 GeV , and report in null correlation (or very weak), with a Pearson correlation coefficient of ∼ -0.2. Given the absent correlation between synchrotron ν syn−peak with S 0.5−500 GeV and the flattening concerning Γ 0.5−500 GeV , we find that the HE spectral characteristics of HSPs and EHSPs are similar. Therefore, the search for TeV peaked blazars (or Extreme TeV BL Lacs) as done in MAGIC Collabora- (Massaro et al. 2015; Giommi et al. 1999) , and delivers a list with 47 Extreme TeV BL Lacs candidates. We call attention to the argument that "EHSPs might peak at E>1 TeV while the HSP population is more likely to peak at the energy window covered by Fermi-LAT", which is not precise. As reported in Foffano et al. (2019) , the HE properties of TeV detected EHSP sources are very similar but can be substantially different at VHE. The VHE spectrum of EHSP sources comprises a mix of cases peaking at hundreds of GeV and cases where we do observe a hard & continuum spectrum from HE to VHE 7 .
THE GAMMA-RAY SPECTRAL ENERGY DISTRIBUTION
The 2BIGB catalog presents a SED description for all its 1160 sources, and we estimate flux values (or Upper Limits) for ten energy channels, covering the 1 GeV to 170 GeV energy band. We should note that the broadband analysis is updated to the latest version of the point-source catalog 4FGLv20 (gll-psc-v20.fit) and integrated over 11 years. However, the γ-ray SED is built considering 10.5 years of observations and having 4FGLv19 (gll-psc-v19.fit) as the library of point-sources to build the sky models. Usually, in Fermi-LAT catalogs, the energy bins are defined by dividing the broadband window in equally spaced logarithmic values, which tends to produce mostly UL values in faint γ-ray sources. Differently, in the 2BIGB catalog, we estimate fluxes by integrating over superposed energy windows, larger than equally spaced logarithmic bins, as listed in Table 2 . By doing so, we incorporate valuable broadband information into the SED description, following the same approach as in previous work , and allowing us to extract SED information even for the faint sources. For fitting the SED data points, we let N 0 and Γ free to vary, using a power-law model for each energy bin. This way, the SED final shape is more sensitive to the actual spectral curvature, and not bound to the broadband power-law modeling (500 MeV to 500 GeV). In the case of 4FGL, for example, only N 0 is allowed to vary (fit) in each energy bin, and the Γ parameter is set fixed according to its broadband power-law modeling (The Fermi-LAT collaboration 2019a).
To build a spectral description for all 1160 2BIGB sources represents a massive load of nearly 12k likelihood analysis to complete, divided between binned and unbinned for the lower and higher energy channels, respectively. Table 2 lists the pivotenergies (E 0 ) at which we calculate the flux, by integrating over the correspondent energy band. We choose those E 0 values to be close to logarithmic equally spaced SED data points when plotting on commonly used spectrum planes for blazars, like log(ν) vs. log(ν f ν ). Therefore E 0 increases from 1 GeV up to 170 GeV with increments of the order of ∼10 0.25 .
For the highest energy channels (17 GeV up to 170 GeV), we applied unbinned analysis, which is more compute-intensive but better suited for cases where the photon count is low. This approach follows from the 1BIGB paper data analysis, which showed that a binned analysis could lead to an underestimated flux at 100 GeV when compared to sources detected in 2FHL and 3FHL. Although we cut at 500 GeV for the broadband analysis, the use of photons with E>500 GeV is valuable to estimate the flux at the very-highenergy bins. Especially for bright and extreme sources, which can be detected by Fermi-LAT up to the energy level of 100 GeV and larger, we do integrate from 50 GeV up to 800 GeV to build the latest SED channel at 170 GeV. In this case, the uncertainties related to VHE photon/energy fluxes are contained in the last bin and adequately accounted for by the flux error estimate.
For the data analysis, we set all sources within 8 • from the 2BIGB position to have free spectral parameters to fit, just as Table 2 . The column 'Integrated over' shows the definition of the energy bins used in our spectral analysis. We estimate the flux density N 0 [ph/cm 2 /s/MeV] for each pivot-energy E 0 within its corresponding bin, and the analysis-type binned/unbinned is listed. in the broadband analysis. Given the choice of E 0 for each bin, we get a reliable calculation for the normalization parameter N 0 , which is the differential flux at that specific energy. In other words, our SED data points are direct outputs from the likelihood analysis, only by converting N 0 [ph/MeV/cm 2 /s] to flux [erg/cm 2 /s];
where the factor 1.602×10 −6 is to convert MeV to erg. Whenever a channel reaches TS < 6.0, we assign an upper limit value, and especially for the largest energies of 100 GeV and 170 GeV, we raise the UL threshold to TS < 10.0 to be more conservative and only report on confident VHE flux estimates. For the upper limit values, we use the Broadband-Flux-Sensitivity-l0-b30 (for P8R3-V2 and 10 years of exposure), which are conservative compared to larger galactic latitudes 8 .
The SED data points from the 2BIGB catalog are suitable to identify the mean spectral shape over time, given the large integration window of 10.5 years, but also smooth in terms of energy, given the superposed energy bins. Fine spectral structure derived from this data-set in combination with TeV data from Cherenkov Telescopes should be considered with care and case by case, especially to evaluate the influence of spectral variability along time. If not properly accounted, short-time flaring events can mimic spectral structure when integrating over a large time window.
THE TOTAL CONTRIBUTION OF HSP & EHSP BLAZARS TO THE EGB
Here we investigate the total -measured -contribution of HSP & EHSP blazars to the extragalactic gamma-ray background. We build a stacked SED with the high galactic latitude 2BIGBs (|b|>10 • ) as a sum of fluxes for each bin E 0 (we remove all UL fluxes from the sum). As a result, we have the stacked flux for each energy E 0 , averaged over the sky area A |b|>10 • = 34,110.3 deg 2 = 10.39 sr. In Fig. 10 , we plot the integral spectral contribution of HSP + EHSP blazars (blue points) to the total extragalactic γ-ray content (EGB, red points). The total EGB flux is measured for high galactic latitude (|b|>20 • ) and considers the foreground model A from Ackermann et al. (2015a) ; Di . Note that Fig. 10 Total EGB 3HSP ¡ 2BIGB Figure 10 . In blue we show the stacked γ-ray SED for the entire 3HSP-2BIGB population at |b|>10 • . In red we show the total extra galactic gamma-ray content (EGB, Ackermann et al. 2015a ). The signals are averaged over the sky area at |b| > 10 • , and |b| > 20 • , respectively. the emission produced by resolved HSP & EHSP blazars, down to the faintest γ-ray signatures at the 3σ level.
In Table 3 , we show the 2BIGB improvement regards to solving the extragalactic component into point sources. We add 235 new γ-ray emitters to the known population of 925 3HSP-4FGL sources, which brings a relatively small -but not negligible-contribution to the total intensity already solved by 4FGL. The 2BIGB represents an improvement of ∼25% for the number of 3HSP blazars detected in γ-rays. However, the entire group of 2BIGB new sources only populate the faint end of the log(S 0.5−50 GeV ) flux distribution (see Fig. 9 ), meaning that the most intense 3HSP-4FGL sources already dominate the stacked fluxes. The extra contribution solved into 2BIGB new sources ranges from 1.2% up to 3.4% along the 1 GeV to 170 GeV band (column 'I(%)' in Table 3 ) peaking around the 17-30 GeV channels.
The message we should keep is that there is, in fact, an underlying population of faint gamma-ray sources that contribute to the EGB with a spectral index characteristic of HSP blazars. Moreover, the total contribution of HSP & EHSP blazars to the EGB gets more relevant with increasing energy (column 'Tot(%)', Table 3) , reaching up to 33.5% at 100 GeV. This trend is in agreement with predictions from (Giommi et al. 2013; Di Mauro et al. 2014b) , which argue that HSP blazars are the dominant fraction of isotropic γ-ray background at the E > 10 GeV, and especially with Di Mauro et al. (2018) who concludes that resolved and unresolved blazars represent up to (42±8)% of the total EGB at E > 10 GeV.
The measured fraction of the EGB due to HSP blazars, drop from 33.5% -at 100 GeV-to 29.9% -at 170 GeV-in what could be the result of lower detection efficiency at the higher energy channels. Also, we adopt a more restrictive upper limit threshold (TS < 6 → TS < 10) for the 100 GeV and 170 GeV bins. Even though knowing this would affect the detection efficiency at those channels, we did so to assure the VHE detections are robust. For the same reasons, the flux fraction associated with 2BIGB new sources (Flux 2BIGB−new / Flux 2BIGB , column 'I(%)' in Table 3 ) reaches 3.3% at 50 GeV, but also see a drop for the largest energy bins of 100 GeV and 170 GeV. We call attention to the significant uncertainties at VHE for both the EGB and the 2BIGB integral fluxes. Table 3 . The total contribution of HSP & EHSP blazars to the EGB content as measured from the 3HSP-2BIGB and 3HSP-4FGL samples. Flux in [MeV/cm 2 /s/sr], for the Total EGB, and for the resolved contribution from 3HSP-2BIGB and 3HSP-4FGL sources. The 'I(%)' column shows the relative improvement of the 2BIGB concerning 4FGL for solving the EGB, and the 'Tot' column list the total fraction (%) of the EGB solved into HSP & EHSP blazars given the 2BIGB data. Notably, at 170 GeV, the errors are enough to absorb the observed drop in 'Tot(%)' flux-ratio (Flux 2BIGB / Flux EGB ) as a fluctuation. Note that we calculate the flux at each energy by integrating over the E-bins listed in Table 2 . The fit for each E-bin had both Normalization N 0 and Photon Index Γ free to vary. We highlight that the SED analysis is not required to be bound to the broadband fit over 0.5-500 GeV, and therefore it is more sensitive to the spectrum curvature at the highest energy channels. Alternatively, if one uses the power-law broadband fit (0.5-500 GeV) to estimate fluxes at the high-energy channels, the risk is to be overestimated.
The power-law broadband fit is dominated by the lower energy photons (The Fermi-LAT collaboration 2019b), which have larger counts-rate and tend to determine the broadband photon index at a regime where the absorption due to EBL is not relevant. As a result, the power-law broadband fit tends to overestimate the VHE flux since the spectrum curvature is not described properly. We should highlight that our approach avoids this bias, and is a confident way to measure the integral contribution of point-sources to the very high-energy EGB.
We highlight that our work does not rely on extrapolations of the γ-ray SED or correlations to other wavebands (as in, Di Mauro et al. 2013 Mauro et al. , 2014a , neither detection efficiency corrections (as in, Di Mauro et al. 2018 ). An alternative and robust approach based on stacking analysis is discussed in Paliya et al. (2019) , and has similarities to our work, given that multifrequency selected seeds drive the search for the stacked signature.
Accurate measurement of the EGB content produced by γray resolved blazars can be accomplished by large-scale spectrum analysis as we did, looking for signatures down to a low detection threshold and for the entire blazar population. The advantage here is to produce detailed descriptions for individual sources while solving the EGB content. That allows for cross-checking the measured flux at each energy bin with the estimates and extrapolations from other works, which should converge.
10 -2 10 -3 10 -4 10 -5 10 -11 10 -10 10 -9 10 -8 Figure 11 . The γ-ray logN-logS for the 3HSP population, plotting the cumulative density of sources N with flux lager than the integral flux S 0.5−500 GeV , only considering high galactic latitude sources at |b|>10 • .
THE GAMMA-RAY LOGN-LOGS OF 2BIGB SOURCES
The number counts plot (logN-logS) is a valuable tool to visualize and test if a population of astrophysical sources is uniformly distributed at low redshift. If the cumulative distribution follows the so-called Euclidean trend ∝S −1.5 , it is a strong indicative the sample is complete and non-evolving at least down to the flux-limit where it detaches from that trend. The measured number count is expected to deviate from the Euclidean slope at lower fluxes because of cosmological effects. However, it can also detach at intermediary fluxes as a result of the luminosity evolution of the population along time (Shanks et al. 1984) .
The logN-logS interpretation can suffer from strong bias introduced by sample incompleteness, given that faint sources can be overwhelmingly numerous and hard to detect or select in its totality. Sample incompleteness can originate from multiple instrumental and source-selection limitations, and a clear understanding of those inefficiencies is crucial to derive conclusions from the logN-logS shape. To understand how a population evolves along with cosmic history, we should rely on a complete sample with robust redshift information. Though, a significant fraction of HSP blazars (68%, 1373 out of 2013 3HSPs) has no spectroscopic redshift, which hinders the understanding of blazar's evolution.
Therefore, it is not clear where to expect deviations from the Euclidean trend in the number counts for blazars. Here we look into all that through the observed γ-ray logN-logS associated with 3HSP sources and also for the HSP and EHSP subsamples alone. We try to understand the main features in preparation for future works that could apply improvements, e.g., to consider the detection efficiency and k-correction.
In Fig. 11 we plot the γ-ray logN-logS for the 3HSP population detected in 2BIGB (blue) and in 4FGL (red), and we only consider sources at |b|>10 • where the 3HSP selection is homogeneous. We should note that this encloses a sky-area of 34110.3 deg 2 , which holds the majority of 3HSP sources (1925 out of 2013), from where 1073 are 3HSP-2BIGB, and 840 are 3HSP-4FGL.
As in previous work , we observe an early-break in the S −1.5 Euclidean trend at ∼2.5×10 −9 . One could argue that this might be a bias because of the Fermi-LAT exposure, which is not constant along the entire sky. If it were the case, our analysis would have seen improvements concerning completeness at the level of S 0.5−500 GeV < 2.5×10 −9 ph/cm 2 /s, since we consider extra three years of observations when compared to 4FGL.
We should note that the 1BIGB paper reported this same earlybreak feature, which also highlights the existence of previous logN-logS data from the 3LAC paper (Ackermann et al. 2015b ) that has similar characteristics as in here (see footnote 19 at ). The existence of an early break in the γ-ray logN-logS plane is intriguing, and its origin is not clear. However, it could well be the result of γ-ray variability, incompleteness from the 3HSP sample itself, absorption, or the need to apply k-correction to the observed flux. Therefore, proper treatment needs to add corrections to the γ-ray logN-logS, which should impact further discussions related to source evolution (see Ackermann et al. (2016) as an example). In more details we mention:
• Gamma-ray flares. When integrated along 11 years of observations, a flare event in γ-rays gets diluted, which overestimates the mean flux concerning the non-flaring state of the source. This bias could act to exaggerate the number of sources in the bright end of γ-ray logN-logS.
• 3HSP incompleteness. As mention in 1BIGB paper (for the case of 2WHSP sample), the early-break could be a manifestation of incompleteness from the 3HSP sample that increasingly affects the selection of fainter sources as their synchrotron peak flux gets lower. Currently available radio surveys (SUMMS and NVSS) and the poor all-sky coverage in X-rays could be the actual limitations. The 3HSP paper reports on blazars with yet undetected radio counterpart, most likely with a faint radio-flux, which is lower than the flux-limit from SUMMS, NVSS, and FIRST radio surveys (Chang et al. 2019 ). An estimate for the number of similar cases is still to be evaluated, and could represent a significant fraction of the HSP & EHSP population.
• Absorption. This is a γγ process where a VHE photon in a head-on collision to extragalactic background light (EBL) annihilates to create electron-positron pairs. Absorption affects high redshift sources more heavily and steepens the observed spectrum, depleting the S 0.5−500 GeV flux. As highlighted by Costamante (2013) , the critical energy above which at least 5% of the emitted photons are absorbed due to EBL is given by E crit z = 170 (1+z) −2.38 GeV (Ackermann et al. 2012) , based on EBL model from Franceschini et al. (2008) . Given that the 3HSP catalog has confident lower-limit redshifts up to 0.7, the E crit z can be as low as 48 GeV.
• Fermi-LAT exposure. The Fermi-LAT data taken mode is turned off during passages along the South Atlantic Anomaly, inducing up to 15% sensitivity difference between the north and south hemisphere. As mention previously, this does not seem to be the main driver for the early-break in the γ-ray logN-logS.
• K-correction. To properly apply k-correction to the observed γ-ray flux, we need a redshift survey for the entire 3HSP sample. As we know, the lack of spectroscopic (robust) redshift measurements for ∼68% of the 3HSPs is a limitation. The use of photometric redshifts can help to close that gap, although introducing a certain degree of uncertainty. The 3HSP catalog has estimated photometric redshifts for 930 objects, but still, nearly 1/4 of the sample lacks a redshift estimate. One way to apply the correction is to compute the gamma-ray flux S
. This way, we can probe the same intrinsic energy range, from E i to E f . The selection of a suitable energy range can minimize the effect of absorption due to EBL.
In Fig. 12 , we have the differential counts dN/dS vs. S, from where we see a fast drop for S < 2 ×10 −10 ph/cm 2 /s. This drop is most likely because the detection efficiency decreases with flux, meaning that faint sources are harder to detect. Moreover, when comparing the samples 3HSP-4FGL (red) to the 3HSP-2BIGB (blue), we do see gains concerning completeness for fluxes close to ∼2×10 −10 ph/cm 2 /s and lower. This is because of the larger exposure from 2BIGB (11 years) regarding 4FGL (8 years).
Apart from the early-break feature, the γ-ray sample seems complete down to the flux level of ∼2×10 −10 ph/cm 2 /s. From there on to lower fluxes, we do have improvements in the differential number counts for the 2BIGB sample compared to 4FGL. The 2BIGB catalog is indeed more complete than 4FGL in the lower flux end, as expected from Fig. 9 .
Considering that the 2BIGB catalog is currently the most sensitive γ-ray survey over the HSP & EHSP populations, it is also suitable to study the sky-density of each blazar class. In Fig. 13 we plot the number counts for the 2BIGB sample dividing between HSP (green) and EHSP (gray) blazars. Here we consider the 3HSPs at high galactic latitude |b|>10 • , with a total of 838 2BIGB-HSP and 235 2BIGB-EHSP objects.
From Fig. 13 we conclude that the density of γ-ray detected HSPs is ∼ 13.4× larger compared to EHSPs, and that the incompleteness of the EHSP γ-ray sample starts at ∼2×10 −10 ph/cm 2 /s; Apart from the early-break feature, this is similar to what we see in Fig. 12 for the entire 2BIGB sample. Also, the HE number counts of HSP and EHSP sources -at the bright end-are compatible to the Euclidean trend, indicating that both classes are homogeneously distributed in space.
Concerning the γ-ray detectability of HSP vs. EHSP sources, we should mention that the fraction f of each class within the 4FGL and 2BIGB catalogs is very similar, with ( f HSP & f EHSP ) of (0.789 & 0.209) for 4FGL, and (0.781 & 0.219) for 2BIGB. Therefore, we expect that observational improvements in γ-ray sensitivity and
10 -2 10 -3 10 -4 10 -5 10 -11 10 -10 10 -9 10 -8 Figure 13 . The γ-ray logN-logS for the entire 3HSP-2BIGB population, considering the integral flux S 0.5−500 GeV and separating between the HSP (blue) and EHSP (green) subsamples. Blue and gray dashed lines are fits to the HSP and EHSP logN-logS respectively, following the S −1.5 slope for a non-evolving population. exposure time may unveil new gamma-ray blazars independent of its blazar class.
CONCLUSIONS AND PERSPECTIVES
The 2BIGB catalog has 1160 sources and is the result of a γ-ray analysis of the entire 3HSP sample. We consider the position of 3HSP sources as multifrequency seeds where we test for the existence of a γ-ray signature. Such an approach has a low number of free variables. Therefore, we could lower the detection threshold down to 3σ (Mattox et al. 1996) , for a likelihood analysis fitting only two free parameters (Normalization and Photon index) with the source position set as fixed.
All detections result from a broadband 0.5-500 GeV analysis integrating over 11 years of observations with Fermi-LAT. We confirm and update the fitting parameters for all 925 3HSP sources that have a counterpart in 4FGL. Also, we present another 235 sources, which are new detections concerning 4FGL (the Fermi-LAT catalogs never reported on 226 of those).
The fact that 925 2BIGB sources are already part of the 4FGL catalog allowed us to compare results and to validate our analysis, supporting the robustness of the new γ-ray detections presented in this work. Moreover, all 2BIBG new were evaluated with highenergy TS maps and confirmed as point sources.
We rely on the KS test to compare the γ-ray photon index distribution of 3HSP-4FGL, 3HSP-2BIGB, and 2BIGB new sources, and show they are similar, therefore compatible with a parent population. In particular, the 235 new detections have spectral properties that are well representative of the HSP population, excluding the possibility of heavy contamination for the 2BIGB new sample.
We have built the γ-ray spectral energy distribution for all 2BIGB sources, covering the 1-170GeV energy range with 10.5 years of observations with Fermi-LAT, and integrating over superposed energy bins. The SED data-points are available at https: //github.com/BrunoArsioli with a template to upload at the ASDC-ASI portal and visualize with the SED Builder Tool https: //tools.ssdc.asi.it/. The data will soon be available at OpenUniverse http://www.openuniverse.asi.it/ and BSDC http://bsdc.icranet.org/ portals 9 .
This work revealed an underlying population of γ-ray emitters at the threshold detectability for Fermi-LAT. Those sources are not necessarily of low relevance and contribute to the EGB with photon index characteristic of HSP blazars, however, with fainter flux. Many of them have a hard photon spectral index, and only seen at the largest energy channels. Those cases can be relevant at higher energies and likely at reach for the upcoming Cherenkov Telescope Array (CTA). Therefore, this work delivers a complementary description of the γ-ray sky, which could impact on VHE population studies for CTA.
Regarding the γ-ray background, we show that the measured contribution of 3HSP blazars (HSP+EHSP) to the total EGB increases with energy, and reach 33.5% at 100 GeV. The 235 new detections serve to solve a fraction of the EGB into point sources, shrinking the available space for an actual extragalactic diffuse γ-ray component. When considering the additional 2BIGB new sources, we improve the resolved fraction of the EGB flux at 50 GeV by 3.3%. The improvements for other energy channels are lower, but of the same order, and listed in Table 3 .
We plot the γ-ray number counts (logN-logS), and also, the differential number counts for the 3HSP-2BIGB sources, and compare to the 3HSP-4FGL sample. We show that the γ-ray sample is likely complete down to S 0.5−500 GeV ∼ 2×10 −10 ph/cm 2 /s. We report on an early break in the logN-logS number counts at ∼ 2.5×10 −9 ph/cm 2 /s, which can not be associated with incompleteness of the γ-ray sample. We argue that it could be a bias arising from γ-ray variability, incompleteness from the 3HSP sample itself, or the need for a proper k-correction. This particular feature in the γ-ray number counts for HSPs is present since early works Ackermann et al. 2015b ) and demands more investigation. Also, we study the γ-ray number counts for the HSP and EHSP subclasses. We point out that their distribution in space is relatively homogeneous (compatible with the Euclidean trend at the bright end), and the density of γ-ray detected HSPs is ∼ 13.4× larger than EHSPs. Foffano et al. (2019) shows that EHSPs are not all necessarily TeV peaked blazars, but a mix of sources peaking at few to hundreds of GeV, with cases that have a hard photon index from HE to VHE, with a peak at >1 TeV to >10 TeV. For the 2BIGB sample, we could compare the distribution of HE flux S 0.5−500 GeV and photon index Γ for the HSP and EHSP subclasses, and found they are similar. Therefore, given the HE spectral similarities between those subclasses, we call attention to the search for Extreme TeV BL Lacs candidates, which may benefit from considering both HSPs and EHSPs as a whole, as done by Costamante (2019) . Alternatively, at least, by lowering the synchrotron frequency threshold to incorporate candidates with ν syn−peak < 10 17 Hz. Methods to select TeVpeaked blazars from the entire 3HSP sample (i.e. HSP + EHSP) can also incorporate considerations about HE variability, since TeVpeaked blazars have shown to be remarkably stable (or long-term) HE & VHE sources (Costamante et al. 2018) .
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